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Abstract 
In the drying value chain for fruits and vegetables, nine sub-processes have been identified. This work 
analyses the interaction between growing in greenhouses and drying sub processes for exergy and water 
flow reutilization. By thermodynamic model simulation, wet air from drying process is retrieved back to 
the crops within greenhouses. This interaction is an economic solution for the problem of high 
temperatures and low relative humidity within the greenhouses in hot dry environments. Humidity after 
the drying is quantified to estimate exergy profiles. Results are an average decrease of temperature of 
12.8°C and 8.7°C and an increment of relative humidity of 7% and 9%, for different day conditions. 
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1. Introduction 
The subject of drying has received a lot of attention because of the huge quantity of energy needed to 
fulfill the required drying level due to high latent heat of evaporation of water. For the nexus of energy, 
water and food [1], it is worth conducting solution studies for the optimization of resources consumption. 
Drying analyses have been focused on the product and most of the studies report drying as a unitary 
process; these have shown that energy efficiency is not so high and exergy efficiency is low. This is, 
mainly, due to use of inefficient convective dryers, which are in ~85% of the installations for industrial 
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processes [2] and due to reduction of exergy by low insulation of dryer´s walls, within the exhaust wet air 
and within the product itself [3]. However, increasing both efficiencies has an economical impact.   
Table 1 compares cases for conventional drying and solar conditions for industrial quantities, by using 
basic mass balance in the drying chamber; it shows energy consumption E, water removed mw, initial 
drying level Mo and amount of air needed ma, to reach Mf 9% and 30% of moisture content w.b. for 
different quantities of fresh tomato, which has ~95% or 19 kg./kg w.b.  
Specifically, to obtain 50kg of dried tomato to 9% final moisture w.b. the required energy is high and 
~900 liters of water, as not fully saturated wet air, are not used after the process. In addition, the 
temperate of the wet air is higher than that of the ambient which means that a large amount of energy is 
lost to the atmosphere [4]. This loss of energy was estimated between 70 and 90 kcal/kg of evaporated 
water [5] and 150–174 kcal/kg for walnuts drying [6].  
Basically all the energy from the exhausted air could be recycled; hence the exergy loss could be 
minimized [7].Several authors have studied air recirculation.Studies have demonstrated energy savings 
in dryers reporting reduction of energy requirements by 29.6% for orange drying, energy savings of up to 
30% by recirculating 60% of the air in the drying of walnuts, up to 15% energy savings and thermal 
efficiencies of 50% in tunnel dryers for fruits, and an average 26% reduction of the energy requirements 
for peanuts [8,9,6,10; respectively]. However, air recirculation increases the retention time and the drying 
potential is reduced, which in some cases can affect the quality of the final product. The retention of 
carotenoids, which ensures product quality, is impacted by high rates of air recirculation, especially in the 
first stages due to the elevated moisture content of the product. Other quality parameters affected by air 
recirculation are ascorbic acid retention and nonenzymatic browning. [11] 
Although heat recovery is a good solution, the cost of heat exchangers, fans, piping, etc. is excessive 
and the implementation requires broad expertise. The main objective of the presented work is to research 
the easiest and, of equal interest, the cheapest way to recover the exhaust air from drying processes.  
2. Drying process value chain 
Huge quantities of resources are involved in water manipulation-transformation in the identified nine 
sub-processes of the drying value chain: starting with the water used for irrigation in the fields and 
greenhouses, water input for washing and disinfection, cost of moving that water within the products from 
production zones to the processing clusters, in addition, as mentioned, a lot of energy is invested in 
removing water from products in the low efficient drying process. It is remarkable that these values are 
higher while higher the specific targets about shelf life, appearance or nutraceutical requirements are. As 
reference, the total required energy input, just in the production phase of tomato in the United States is 
32.4 million kcal/ha [12]. Through analyzing the high level drying value chain, for reducing time, 
transport, water and energy it is feasible to link sub-processes or make use of renewable technology. 
Table 1.  Main resources needed Case 1: industrial conventional drying  at 85°C, Hr 3%, Case 2: solar drying 40°C Hr 10%  
Final mass of dried tomato: 50 kg  (12hr.) Case 1 Case 2 
Initial mass of fresh product (kg) 958 737 958 737 
Initial moisture content (% w.b.) 95.2 95.2 95.2 95.2 
Final moisture content (% w.b.) 9 30 9 30 
Air mass required (kg) 12160 9199 41750 31585 
Water removed (kg) 908 687 908 686 
Energy for water evaporation (kWh) 610 462 619 487 
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Nomenclature 
1-5 Thermodynamic States. 1:ambient, 2:heater-outlet, 3: dryer-outlet, 4: greenhouse, 5:mixing 
a,b,k Diffusion model constants 
z'  Distance between trays (m) 
x'  Distance between two points in the dryer (m) 
ex Exergy (kJ/kg dry air) 
E Energy (kJ, kWh) 
Cp Specific heat (kJ/kg K) 
Ga Mass flow rate per area (kg/m2s) 
ω Absolute humidity (kg water/kg dry air) 
hcv  Convective heat transfer coefficient ( W/m2K) 
hr Relative humidity (%)  
H Heat flow (MJ/h) 
Ig Solar radiation (W/m2) 
L Length (m) 
ma Mass flow rate of air (kg/s) 
M Moisture (kg/ kg, d.b.) 
P Pressure (h Pa)   
U Density (kg/m3) 
T Latitude (°) 
t time (h) 
T Temperature (°C) 
Tw Wet bulb temperature (°C) 
Subscripts 
c cover 
r receiver 
a air 
i at i time 
l,w water 
p product 
v  vapour 
am ambient 
e,0 equilibrium, initial 
f final  
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2.1. Case study: drying and greenhouse growing 
The scope of the present work tackles scarcity of water and energy in agriculture zones. The use of the 
drying exhaust wet air, circulated back to the growing process is proposed as a theoretical study case. 
Previous studies demonstrate that exergy is lost within exhausted wet air from drying process. On the 
other hand, high energy requirements for heating or cooling necessities for optimal conditions of crops 
growing within greenhouses are also reported. But, such conditioning systems are usually not able to 
control and maintain the required humidity levels affecting the quality of crop growth [13]. 
Several studies about dryers have demonstrated that the use of solar energy for drying is an interesting 
alternative when it comes to cost investment and manipulation. In addition, depending of the solar dryer 
design, solar drying has no significant negative impact in the product’s quality [14,15].  
The analysis is made using theoretical models and simulations to estimate changes of air temperature 
and humidity, while focusing on its dependence on environmental conditions through the day, which is a 
key issue of the solar energy resource. 
3. Methodology for process efficiency improvement 
This study uses the unified methodology for thermal energy efficiency improvement developed by 
Mateos Espejel et al.[16], where the principal objective is energy enhancement through interactions of the 
utility and process systems, while considering economic and technical constraints. Some aspects of the 
first three (out of 5) stages used in this work are described as follows: 
 
x Stage 1: Base case. Data gathering, master diagram, systems analysis, computer simulation 
x Stage 2: Pre-benchmarking. Data compilation. Comparison with the current practice, new performance 
indicators (energy and exergy indicators), targeting by pinch analysis and water pinch 
x Stage 3: Interaction analysis. Steps 1) internal heat recovery, 2) water reutilization; 3) elimination of 
non isothermal mixing; 4) energy upgrading; 5) condensate recovery and 6) energy conversion. 
4. Unit process level analysis. (Stage 1: base case) 
4.1. Drying  
Drying thermal efficiency depends mainly on the inlet and outlet air temperatures, the ambient 
temperature and the air humidity; but it is also influenced by other factors, for instance: the heat fluxes 
supplied and exhausted, number of internal heating zones, material preheating, air recycled ratio, 
fractional air saturation, etc. An excessive temperature can provoke adverse effects such as deactivation 
of enzymes, deterioration of proteins, and generation of carcinogenic substances. A high humidity 
reduces driving force leading to slower drying and the possibility of condensation on the dryer walls and 
downstream equipment. Energy efficiency is increased as outlet air conditions are close to saturation. [17]  
This work presents results of a MatlabTM SimulinkTM program using a modified mathematic model for 
a solar dryer developed by Hossain et al. [14,18]. The main phenomenon studied is the water mass 
transfer to the drying air over time. The analysis of the drying process is divided in 1) the air heater [19] 
and 2) the drying chamber. The process starts from ambient conditions (state 1) and air is heated up, 
decreasing its relative humidity (state 2). Once in the drying chamber its humidity is raised while 
temperature is decreased (state 3). The used solar dryer model consists of a solar air heater covered by 
glass and with an aluminum reflector; by forced convection the flow passes perpendicular to the product 
through 5 meshes of the drying chamber; humidified air comes out in the upper section.  
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With this context, the mathematic model previously developed, described by main equations (1) to (7), 
is adapted and applied to simulate changes in air temperatures 'Ta from the solar heater. For Eq. (2) and 
(3) constant values for Diffusion model are taken from Sacilik [15] for slices of organic tomato and Me is 
obtained using results from Krokida M.K et al. [20]. It is considered that product temperature in the first 
hour corresponds to wet bulb temperature calculated according to Stull [21] using Eq. (8) (range -20 to 
50°C). 
Results of air temperature change, 'Ta, from air heater are input for estimating 'M, 'Z and 'Tp, 
shown in Fig 1 for representative days of winter weather D1 (January) and spring weather D2 (April), 
under ambient conditions in Querétaro, México. A period of 12 hours, from 7 a.m. to 7 p.m. was used, 
with time intervals 't=0.25 h. Air flow velocity was considered constant at 0.5 m/s. The simulation in 
made on kg dry air basis, so that results are used to estimate values to process 1 ton of fresh tomato in 
slices of 0.01 m. The air flow is considered, depending on temperature and humidity for specific day 
conditions, to remove 908 kg. of water (Table 1) which is desired to be recovered in the greenhouse. 
 
ο ௔ܶ ൌ ቂቀ ೝ்ା ೎்ଶ ቁ െ ௔ܶǡ௜ିଵቃ ቆͳ െ ݁
ି൬మಽೌ೓೎ೡ೘ೌ೎೛ೌ ൰ο௫ቇ      (1) 
 
οܯ ൌ ሾെܽ݁ି௞௧ െ ሺͳ െ ܽሻܾ݇݁ି௕௞௧ሿሺܯ଴ െ ܯ௘ሻοݐ      (2) 
 
ܽ ൌ ͳǤͶͷͶ͹ͺͺെ ͲǤͲͲ͵ͻ͵ ௔ܶ ൅ ͲǤʹ͹ʹ͸ͺ݄ݎ ;ܾ ൌ െͲǤͲͲͲͳ͸ ൅ ͲǤͲͲͲͲͲʹʹͷ ௔ܶ ൅ ͲǤͲͲͲͻʹͶ݄ݎ           (3) 
݇ ൌ ͲǤͲͲͷ͸ͻͻ൅ ͲǤͲͲͲͲͲ͹Ͷʹ ௔ܶ ൅ ͲǤͲͶͶͶʹͺ݄ݎ     
 
ο߱ ൌ ቀఘ೛ீೌቁ ቀ
οெ
ο௧ ቁ οݖ          (4) 
 
ο ௣ܶ ൌ
ଶ൫்ೌ ି ೛்൯ାఘ೛ቀοಾο೟ ቁቂ
మಲ
೓೎ೡା
ವο೥
ಸೌ಴ቃ
ଵାቀഐ೛ο೟ቁቂ
మಳ
೓೎ೡା
ο೥
ಸೌ಴ሺ஻ା஼೛೗οெሻቃ
        (5) 
 
ܣ ൌܮ௣ ൅ ܥ௣௪ ௔ܶ െ ܥ௣௟ ௣ܶ ; ൌ ܥ௣௣ ൅ ܥ௣௟ܯ௜ ; ܥ ൌ ܥ௣௔ ൅ ܥ௣௪ሺ߱ െ ሺߩ௣οݖοܯሻȀሺܩ௔οݐሻሻ; ܦ ൌ ܮ௔ ൅ ܥ௣௪ ௔ܶ െ ܥ௣௟ ௣ܶ  (6) 
 
ܦ ௔ܶ ൌ
ഐ೛
ಸೌ
ο೥
ο೟ൣሺିο ೛்ሺ஼೛೛ା஼೛೗ሺெାοெሻሻାοெሺ஼೛ೢ்ೌ ା௅ೌି஼೛೗ ೛்ሻ൧
஼೛ೌା஼೛ೢఠିቀ஼೛ೢഐ೛ಸೌቁο௭ቀ
οಾ
ο೟ ቁ
      (7) 
 
௪ܶ ൌ ௔ܶܽݐܽ݊ ቂͲǤͳͷሺ݄ݎ ൅ ͺǤ͵ͳሻ
భ
మቃ ൅ ܽݐܽ݊ሺ ௔ܶ ൅ ݄ݎሻ െ ܽݐܽ݊ሺ݄ݎ െ ͳǤ͸͹ሻ ൅ ͲǤͲͲͶܽݐܽ݊ሺͲǤͲʹ͵݄ݎሻ െ ͶǤ͸ͺ    (8) 
 
4.2. Growing in greenhouses 
In greenhouses the energy required for heating systems is usually high. Due to the wide variety of 
types, crop growth and technology used, it is difficult to fix values but as a reference, for a 11.5 m2 the 
heat load is 4.5 kW and for a 7.5 h.a. is 7.5 MW [14] and 1500MJ/m2/year [22,23]. 
Like light and temperature, humidity is also an important factor for achieving high quality crop yield. 
Its impact is mainly on leaf size, light interception, photosynthesis and dry matter production, either by 
affecting leaf area development of by changing the stomatal conductance [24]. Relative humidity should 
be between 60-70% inside the greenhouses; values above 40% would avoid water stress and values below 
of 20% could wilt the plants [25]. On the other hand relative humidity above 80% leads to fungal growth, 
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leaf necrosis, calcium deficiencies, soft and thin leaves, and also can hamper pollination in fruit 
vegetables [26]. Jolliet [27] reports an optimal value of 70-75% hr for greenhouses.  
5. Indicators (Stage 2: Pre-benchmarking) 
5.1. Exergy in drying process 
For drying processes a sizeable amount of exergy is lost with exiting air, even if it is assumed to reach 
the wet bulb temperature in the drying process [28]. Also Cook and Dumont [29] mentioned that 20 to 40, 
even up to 60% of energy is lost by reject heat. Therefore the air flow rate should be minimal to reduce 
absolute values of heat carried away with exhaust air. The study done by Sami et al [30] concludes that air 
flow increment reduces exergy efficiency of the solar collector, even the total exergy efficiency is low, the 
total energy efficiency is high and showed that the maximum energy loss occurs during midday. Based on 
the idea of exergy recovery from the evaporated stream, Aziz et al. [7] worked on heat circulation for 
algae drying where a large amount of latent heat is utilized for raising the temperature of another fluid, 
which is sensible heat, and whose amount is significantly smaller than the one in the evaporated stream.  
Fig. 2 shows the specific exergy of exhaust air after drying for D1 and D2, which states were obtained 
from the used model and applying Eq. (9) from Dincer [28] 
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Fig. 1. Drying process D1 (left), D2 (right). (a) Temperature; (b) Moisture product content, M, and air humidity, ω. 
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5.2. Exergy in greenhouses 
In greenhouses the energy of solar radiation and primary energy input with high exergy contents 
degrade primarly by heat and vapor loss; this is by different physical and biological processes. Their 
impact can be compensated by exergy input from heating, solar radiation, or both. If the exergy 
destruction is reduced the necessary compensation can also be reduced [22]. With regards to the main aim 
of this work, Bronchart et al. [22] remarks that: vapor is a source of exergy, although too much vapor can 
be harmful for plants. Exergy from vapor is very low cost compared to exergy from heat buffers in 
aquifer systems. Furthermore its exergy values (quality) are comparable. The analysis of greenhouse air 
showed that its exergy value is made up equally of its heat and vapor content. When attempting to save 
energy, vapor must not be seen as something to get rid of, but as an exergy source. 
Eq. (10) [31] is used to estimate the exergy of a greenhouse air mass, Fig. 2, which is heated up by 
solar radiation. The reference temperature, T0, is the average of Tam for each experimental set data. 
݁ݔସ ൌ ൫ܥ௣൯௩ሺ ସܶ െ ௔ܶ௠ሻ ൬ͳ െ
଴ܶ
ସܶ
൰ሺͳͲሻ 
5.3. Batch and time dependent process heat flow 
The analyzed greenhouse data (state 4) for this research is taken from a crop of tomato variety Saladett 
2198 (91 days transplanted) under ambient conditions of Central México, latitude 20.6°, from the 
research project of the Faculty of Engineering, Biosystems section, from the Universidad Autónoma de 
Querétaro. The plastic Gothic type greenhouse is 2500 m2 with no heating system. During day time the 
temperature is low down by the use of two fans, but the main problems are low relative humidity and that 
the temperature levels are still too high. 
Fig. 3 shows the heat load of different sources, according to the methodology proposed by Kemp [32]. 
The greenhouse is considered as a batch process that requires heating or cooling. The curve labeled as set 
point, indicates the base heat load utility to reach a set point temperature of 27°C. The so called solar 
greenhouse is the representation of the heat load of the greenhouse air heated up only by solar radiation 
and surroundings; the solar heater trend shows the load of the air flow from the drying process. As 
observed, values below zero means cooling demand and above zero indicates heating load. 
 
 
Fig. 2. Exergy at T0,D1=9.8°C, D1 (left); T0,D2=20.7°C, D2 (right). Exergy of exhaust air, ex3, and within the greenhouse, ex4. 
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6. Results and discussion  
The mixing of the flow of exhaust drying air with the air of the greenhouse (state 5) was simulated 
based on the thermodynamic principle of evaporative cooling.  
This study uses a simple low cost portable solar dryer (50kg capacity), with a maximum efficiency of 
around 60% [14]. The analysis was modeled on a scenario to obtain 50kg of dried tomato, and with the 
assumption that the number of dryers is not a limitation. 
It is observed in Fig. 1 that better drying final levels are reached for D2 (~9% w.b.), and as 
consequence, more water is mixed with the exhaust air. It is important to mention that the total amount of 
air flow for D1 is 4:1 the air required for D2 given that the drying potential of D2 is higher. The use of 
exergy from drying process, Fig. 2, for D2 is higher mainly because of higher energy from solar source. 
 
Fig. 3. Heat flow D1 (left), D2 (right) 
 
  
Fig. 4. Flow interaction D1 (left), D2 (right); (a) Absolute humidity, ω; (b) Temperature, T, and Relative humidity, hr 
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Fig. 4 summarizes the state changes along the process. For both days, is observed that the absolute 
humidity from the exhaust air of the drying, Z3, shows the highest values of all trends, being maximum at 
midday. The absolute humidity of the greenhouse, Z4, is raised, after the interaction, to Z5. So the 
temperature of the greenhouse, T4, is decreased. For the spring weather D2 (right) the proposed flow 
interaction lowers the temperature, especially in the high irradiation hours, from a maximum of 40°C to 
around 20°C. However for a winter day D1 (left) such low temperatures are not desired. For a hot day, 
this result has a positive impact, because it would mean energy savings for the cooling system. But energy 
savings are not constant, which is observed in Fig. 3. The total heat load for cooling to reach the set point 
at 27°C is for D1: 950 MJ and D2: 27470 MJ. 
The presented results are convenient for hot days within the plastic greenhouses where the targeted 
energy savings are focused in the heat load for cooling utility. However for cold days the proposed 
interaction lowers the temperature even more, creating the need for heating. Hence, with the calculated 
new states T5, hr5 and ω5 the heat load to reach the set point of 27°C, is 2216 MJ and 10540 MJ for D1 
and D2 respectively, so the change of cooling load from the base case of greenhouse (state 4) for D1: 
1265 MJ for heating and D2: 16932 MJ for cooling, considering the same time span observed in Fig. 3. 
From Fig. 4 (b), the results show an average decrease of greenhouse temperature, T4, of 12.8°C and 
8.7°C and an increment of relative humidity, ω4, of 7% and 9%, for a spring day and winter day, 
respectively. These results are presented as averages, to enclose the overall impact of the air mixing and 
the variations of irradiation, absolute humidity, heat losses and transpiration of plants during daytime. 
7. Conclusions 
The energy interaction between greenhouses and drying units show the possibility to save energy by 
re-using of exergy waste from the drying exhaust air. This reduces the need of cooling systems within 
greenhouses operating in high temperature zones because water is retrieved back as absolute air humidity. 
The presented work is a method proof, to be used as baseline for further research to determine better 
conditions for optimum energy interaction. An experimental set up is planned to put into to practice the 
presented results, in order to evaluate and analyze its impact in situ on crops behavior. 
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